Schistosomiasis is a detrimental neglected tropical disease that is transmitted by Planorbid snails. Understanding the transmission and control of this disease requires an extensive understanding of these intermediate hosts, which is only achieved by the effective rearing and study of species such as Biomphalaria glabrata. This species is the intermediate host for Schistosoma mansoni in the New World, and is also the main model for studying schistosomes in mollusks. Antibiotics are used routinely in B. glabrata tissue culture, and occasionally on live snails. Here we show that standard doses of three common antibiotics (penicillin, streptomycin and gentamicin) drastically diminish the activity of healthy B. glabrata, but that treated snails recover rapidly when placed in fresh water. Ampicillin treated snails did not show altered activity. We suggest that researchers keep these apparent toxicities in mind if a need for antibiotic treatment of live Planorbid snails arises.
INTRODUCTION
Planorbid snails transmit numerous mammalian parasites including: lungworms and liver, intestinal, and blood flukes (Giannelli et al., 2016; Loker, 2010) . These snails act as intermediate molluscan hosts, and are essential for perpetuating diseases which detrimentally affect the health of both humans and livestock (Pearce & MacDonald, 2002; Sokolow et al., 2016) . In an effort to understand and control the spread of snail-borne parasitic diseases, extensive resources have been expended in developing models of parasitic infection in planorbid snails, particularly in the species Biomphalaria glabrata, with the aim of understanding and blocking the transmission of parasites to humans. This species is primarily responsible for transmission of the human pathogen Schistosoma mansoni in the Americas and, for this reason, has been under intense experimental scrutiny for decades (Allan et al., 2017; Pearce & MacDonald, 2002; Reardon, 2016) .
Successful husbandry practices for B. glabrata are well established, and are relatively simple in comparison to other vertebrate model organisms (Ducklow et al., 1979; Galinier et al., 2017; Hanington et al., 2010; Jiang, Loker & Zhang, 2006) . These practices do not generally involve the use of antibiotics, as a heathy microbial population is important in many aquatic environments, and these snails are not kept in a germ-free environment (Chernin, 1957; Chernin & Schork, 1959) . Despite their rare use during snail husbandry, standard doses of penicillin/streptomycin (P/S) are commonly used to culture the snail 1818 embryonic Bge cell line as well as isolated hemocytes from the snail hemolymph, and have been used on whole snails in the past (Bender et al., 2005; Chernin, 1957; Chernin & Schork, 1959; Chernin & Schork, 1960; Goodall et al., 2006; Hahn, Bender & Bayne, 2000; Hahn, Bender & Bayne, 2001a; Hahn, Bender & Bayne, 2001b; Yoshino, Bickham & Bayne, 2013) . Snails treated with streptomycin have been shown to have modified growth as hatchlings, but antibiotic use has not caused any reported cellular dysregulation in culture (Chernin & Schork, 1960) . Here we report that several commonly-used antibiotics have very strong behavioral effects on adult B. glabrata. This study was motivated by an unexpected and anecdotal observation of apparent intoxication in snails treated with P/S. When a number of tanks of snails became contaminated with a putative bacterium, we treated one tank with P/S and observed drastic behavioral changes in our adult snails. This prompted us to examine the effects of four common antibiotics and a commonly used antibiotic cocktail on the activity of healthy B. glabrata in uncontaminated conditions. We show that three commonly-used antibiotics may have detrimental physiological effects on B. glabrata, resulting in drastic changes in the level of activity of exposed snails, and thus should be carefully trialed before use on experimental snails (e.g., for decontamination or microbiome interrogation). This report should serve as a stepping stone for the future study of the effects of antibiotics on B. glabrata, and as a reminder that this species is vulnerable to uncharacterized toxic effects of some of these compounds.
MATERIALS AND METHODS
Guadeloupean B. glabrata (BgGUA) was collected in 2005 from the island of Guadeloupe, and maintained under standard conditions as previously described (Tennessen et al., 2015; Theron et al., 2008; Theron et al., 2014) . Snails were housed, fed identically, and size matched (6-8 mm). All reagents were acquired from Sigma-Aldrich and used according to the manufactures instructions (suggested doses).
Initial anecdotal observation: During normal husbandry of BgGUA, we found multiple tanks full of foul-smelling flocculent brown masses, which we had never previously observed, less than a week after cleaning. High adult snail mortality (>70%) was observed in these tanks. When water from a contaminated tank (100 ml) was removed, placed into two small vessels, and treated with P/S; the brown flocculence dissipated within two days in the antibiotic treated vessel, while the other vessel remained unchanged. We postulated that there was some bacterial contaminant from our source water, as this only occurred in tanks using a single water source. Tanks that received water from a different source appeared normal. Thus, a single contaminated tank was treated with P/S, and within three days the water was clear (no abnormal biofilms or brown flocculence) but the snails appeared to be dead so antibiotics were not used on any additional tanks. This tank (and everything in it) was then bleached extensively, to avoid the spread of any surviving fouling organism, and the water was autoclaved and bleached to ensure that no resistant bacteria or antibiotics were released into the environment. The remaining contamination was overcome by individually cleaning each rescued snail's surface with 70% ethanol, and moving them to a freshly cleaned tank with water from a different source (no use of antibiotics). This was repeated every week for a month and no subsequent contamination was observed. The microbial contaminant, putatively a bacterium, was never positivity identified.
To examine the effects of different antibiotic treatments on BgGUA, we exposed snails (from uncontaminated tanks) to increasing doses of P/S (10,000 U penicillin, 10 mg/ml streptomycin, suggested effective dose 1/100) from 1/1000 to 1/100 (1/100 is the suggested dose for bacterial control) for a 24 h period. Additionally, we used common doses (manufacturer's instructions; Sigma-Aldrich, St. Louis, MO, USA) of P/S (100 U/ml penicillin with 10 mg/L streptomycin: equivalent to 1/100 suggested dose), penicillin G (100 U/ml, in water), streptomycin sulfate (100 mg/L, in water), gentamicin sulfate (50 mg/L, in water), and ampicillin (100 mg/L, in water). All of the snails used in these experiments originated from uncontaminated tanks, and were kept in fresh water. Doses of antibiotics are equivalent to those used previously on whole B. glabrata, as well as those used in some aquaculture settings (Chernin & Schork, 1959; Chernin & Schork, 1960; Gilmartin, Camp & Lewis, 1976) . We did not measure the tissue concentration of each antibiotic in whole snails. All control snails were with sodium citrate (1 mM) alone. All antibiotic treated water/tanks were autoclaved and bleached after use. Each group of treated and control snails was housed in 1 L of fresh (uncontaminated) water, in separate four L non-reactive plastic tanks (∼100−160 ml/snail), and each treatment was repeated on three independent occasions (n = 3 experiments each with, 6-10 snails/treatment). The temperature and pH were verified daily (pH = 7 +/− 0.2, Temperature = 26 • C +/− 0.4 • C). We counted the number of active snails at 15 min, 30 min, 45 min, 1 h, 2 h, 4 h, 24 h, 48 h, and 72 h after being dosed with antibiotics. Snails were placed in fresh tanks every 24 h to maintain a relatively consistent antibiotic concentration as the stability of these antibiotics begins to decrease after 48 h at 37 • C (Sigma manufacturer's instructions). Although the stabilities of these antibiotics differ in aqueous solution, all four have been shown to maintain efficacy aver a 24 h period at temperatures below 30 • C (Benedict, Schmidt & Coghill, 1946; Cote et al., 2010; Fujiwara, Kawashima & Ohhashi, 1982; Macek, Hanus & Feller, 1948; Oswald & Nielsen, 1947; Pang, Guan & Cheng, 1984; Schwartz & Hayton, 1972) . Each time snails were moved they were given fresh food (lettuce). Control snails consumed food normally while treated snails consumed no food. After 72 h we rescued all the snails into untreated water, and examined their activity after 73 h (1 h post rescue), and 96 h. We considered a snail to be active if it was moving, feeding, mating, or attached to a surface by its headfoot. Inactive snails were lying on their sides on the bottom of the tank, motionless, or fully withdrawn into their shell. Additionally, these inactive snails did not respond to mechanical stimuli (a gentle prodding with soft tweezers), and appeared to be moribund. There was no mortality of snails in any treatment. The EC50 for P/S was calculated using a variable slope model, (Y = Bottom + (Top−Bottom))/(1 + 10^((LogEC50−X ) * HillSlope)). Statistical analyses of activity were completed by One-way ANOVA with a Tukey's post-hoc test (p < 0.05). All analyses were completed using GraphPad Prism software (La Jolla, CA, USA).
RESULTS
P/S significantly reduced the percentage of active BgGUA snails (Fig. 1A) . 80% of snails were inactive when exposed to P/S doses as low as 5 fold less than suggested doses for bacterial suppression, and the EC50 for P/S was ∼1/450 (18 U/L of penicillin, 0.18 mg/L streptomycin) (Fig. 1A) . This inactivity was also observed when examined over a 96 h time-course with three individual antibiotics. Penicillin G and streptomycin completely ablated snail activity within the first 2 h of exposure, while gentamicin reduced snail activity to less than 40% of the control (Fig. 1B) . Interestingly, ampicillin, a penicillin derivative, did not alter activity (Acred et al., 1962) . When snails were rescued, in fresh water after three days of antibiotic exposure, they recovered within the first hour (Fig. 1B) . Gentamicin treated snails did not fully recover and remained statistically less active than all other rescued snails (Fig. 1B) .
DISCUSSION AND CONCLUSIONS
Our findings indicate that antibiotic induced intoxication is both rapid in onset, and reversible in most cases. We do not believe that the effects these antibiotics had on the behavior of the snails were the result of modifications to the bacterial microenvironment of the tank or the animal, because of the extremely rapid onset of inactivity and rapid recovery of activity. Although P/S has been consistently and successfully used to maintain sterile cultures of snail derived cells, these data suggest it requires additional characterization before it is used to treat adult planorbid snails. We did not show a reduction in activity of ampicillin exposed snails, so it is possible that ampicillin could be used as a broad spectrum replacement for P/S with B. glabrata, but a more complete study and dose response should be done before it is used in snail husbandry. Gentamycin-treated snails exhibited a milder phenotype, but did not recover as quickly when they were rescued. Other anti-microbial pharmacologics have been shown to negatively affect B. glabrata but no study, to our knowledge, has shown that these common antibiotics disrupt snail behavior (Katz et al., 2017) . Interestingly, some antibiotics can have neurotoxic effects in mammals, and it is possible that BgGUA experience some neurotoxic effects when exposed to standard doses of these antibiotics (Grill & Maganti, 2011) . Additionally, it has been previously reported that similar doses of streptomycin can inhibit the growth of B. glabrata hatchlings (Chernin, 1957; Chernin & Schork, 1959; Chernin & Schork, 1960) . We add to these initial studies, and show that the toxic effects of streptomycin in adult snails can be acute and behavioral. They are also similar to the distress syndrome that can occur in snails after they are exposed to extreme ionic conditions, severely elevated carbon dioxide, and heavy metals (Harry, 1967; Yager & Harry, 1966) . Our observations are not predicted by the mechanism of anti-bacterial action of each of these antibiotics, so it would be difficult to predict how B. glabrata would react to antibiotics that were not examined in this small study. A more extensive characterization of the physiological effects of all of these antibiotics, including ampicillin, should be done. This future work should also examine the potential mechanism behind these phenomena, determine if other concentrations or alternative compounds are less detrimental to snail behavior, or if changes can be made to the environment to reduce Figure 1 The effects of common antibiotics on the activity of BgGUA. (A) The percent of active BgGUA 24 h after dosing with 0/1000, 1/1000, 1/500, 1/250, and 1/100 penicillin/streptomycin (P/S) (n = 3, 6-10 snails per experiment). (B) The percent of active BgGUA over 72 h with standard doses of 4 individual antibiotics and one combination (P/S) treatment (n = 3, 6-10 snails per experiment). Control snails were treated with sodium citrate buffer alone. All snails were rescued to untreated water after 72 h and activity was monitored for an additional 24 h. The EC50 was ∼1/450. Data are presented as mean % active snails +/− standard deviation. Significant differences from (A) 0/1000 or the (B) control (One-way ANOVA, Tukey's post-hoc, p < 0.05) in are denoted by an asterisks (*).
Full-size DOI: 10.7717/peerj.4171/ fig-1 the toxicity of these compounds (i.e., pH). It would also be prudent to examine snail tissue, and determine if the internal concentrations of these antibiotics differ, as bioaccumulation could play a role in toxicity (Hoke et al., 2016) . The study of planorbid snail physiology and immunity is important for fully understanding parasitic worm infections, and could be critical for controlling the extent of these mammalian diseases. Additionally, model organisms, such as B. glabrata, have provided essential insights into molluscan physiology and immunology. Healthy and controlled husbandry of planorbid snails is vital for the observations of repeatable biological phenotypes, and being aware of detrimental practices is crucial for promoting consistencies between institutions. In light of the recent advances in the study of the microbiome of different organisms, it is important to understand which antibiotics could be used to modify the microbiome of snails without having severe behavioral effects (Rooks & Garrett, 2016; Spor, Koren & Ley, 2011; Thaiss et al., 2016) . Understanding which antibiotics could be used to generate relatively ''germ free'' snails, with the goal of examining the roles of the microbiome in snail physiology or defense, is essential given that efficient axenic culture of B. glabrata does not permit normal growth and feeding (Chernin & Schork, 1959) . In summary, the present study reports that common antibiotics can have severe effects on the behavioral activity, and potentially the health, of B. glabrata, and should be thoroughly examined by researchers before extensive use on experimental animals.
